ABSTRACT In this paper, we describe the embryonic origin and patterning of the planar mosaic array of cone photoreceptor spectral subtypes in the zebrafish retina. A discussion of possible molecular mechanisms that might generate the cone mosaic array considers but discards a model that accounts for formation of neuronal mosaics in the inner retina and discusses limitations of mathematical simulations that reproduce the zebrafish cone mosaic pattern. The formation and organization of photoreceptors in the ommatidia of the compound eye of Drosophila is compared with similar features in the developing zebrafish cone mosaic, and a model is proposed that invokes spatiotemporally coordinated cell-cell interactions among cone progenitors to determine the identity and positioning of cone spectral subtypes. -734-763-1166. e-mail: praymond@umich.edu Abbreviations used in this paper: NND, nearest neighbor distance.
dimensional, mosaic pattern in the plane of the outer limiting membrane (Fig. 2) . Viewed en face (in a retinal flat mount or in tangential sections of retina), the cones are precisely aligned in parallel rows of red and green double cone pairs that alternate with rows of alternating blue and UV single cones (Branchek and BreMiller, 1984; Raymond, 1995) . Along each row of double cones, the orientation of the red/ green pairs alternately reverses. Adjoining rows of single or double cones are out-of-phase, shifted by one half cycle. Another striking geometric feature of the cone mosaic pattern is its internal, reiterative, mirror image symmetry: in the direction orthogonal to the rows of single and double cones, cones are arranged in an invariant sequence such that UV cones are always flanked by green cones, and blue cones are always flanked by red cones. Although the precise function of this highly ordered array of spectrally-tuned detectors is not understood, abundant electrophysiological and behavioral evidence demonstrates that teleost fish have highly developed mechanisms for color vision (Alpern, 1968; Wheeler, 1982; Neumeyer et al., 2002; Saszik et al., 2002) .
Retinal neurons, including cone photoreceptors, differentiate in a spatially organized and temporally coordinated pattern
The organized array of cone photoreceptors in the zebrafish retina is assembled progressively by a spatiotemporally coordinated mechanism. The first retinal cells to differentiate, including photoreceptors, are always found in a distinct patch located in a topographically invariant position in the ventral retina at the junction of neural retina and optic stalk (Easter and Malicki, 2002) . Subsequently, a wave of differentiation sweeps across the retinal primordium along a front resembling the hand of a clock moving from ventral to nasal to dorsal to temporal. This pattern of differentiation has been called a 'fan gradient', as it resembles the opening of a fan (Easter and Malicki, 2002) . Differentiation also proceeds in an orderly sequence in the orthogonal dimension of the retinal primordium (i.e., across the retinal layers) -retinal ganglion cells in the innermost layer are born and differentiate first, followed by cells in the middle and outer layers, with photoreceptors differentiating last (Schmitt and Dowling, 1996; Hu and Easter, 1999; Schmitt and Dowling, 1999; Easter and Malicki, 2002) . The general features of retinal differentiation in zebrafish are conserved in other vertebrates, i.e., inside-out and central-to-peripheral gradients of maturation (Easter, 2000) . However, contrary to models of retinal neurogenesis based on mammalian and avian retinas, in which cells in the various retinal layers are produced sequentially, but simultaneously, in overlapping gradients (Adler, 2000; Livesey and Cepko, 2001) in the embryonic zebrafish retina, three sequential traveling waves of terminal mitoses (following the fan gradient) generate cells for each layer (Hu and Easter, 1999; Easter and Malicki, 2002) .
The initiation and progression of retinal differentiation in zebrafish embryos is regulated, at least in part, by secreted Hedgehog (Hh) signals that originate first from the optic stalk (Masai et al., 2000) , then the retinal ganglion cells (Neumann and Nuesslein-Volhard, 2000) , and finally the retinal pigmented epithelium .
However, the signaling mechanisms and molecular factors that create the cell-specific, laminar organization in the retina and that regulate retinal (and photoreceptor) cell fate choice are poorly understood.
Previous work from this laboratory and others (Branchek and BreMiller, 1984; Radial, histological section of adult zebrafish retina, with the retinal pigmented epithelium and choroid at the top. Rod nuclei (r) in the outer nuclear layer, are connected by thin myoid processes to ellipsoids (arrowheads) and rod outer segments (ros). The four morphological/spectral cone subtypes are shown in the cartoon, with the cone outer segments (cos) color-coded to indicate the spectral peak of the opsin protein expressed in short single (SS), long single (LS) and double cones (DC). Other abbreviations: ellipsoid, e; myoid, m; cone nucleus, c; outer limiting membrane (olm) of the retina. The insert shows double in situ hybridization with two different opsin RNA probes and fluorescent detection. Methods: RNA probes are tagged with digoxigenin (DIG) or fluorescein (FL), respectively, and are detected with anti-DIG and anti-FL antibodies conjugated to horseradish peroxidase (HRP) or alkaline phosphatase (AP), respectively, and visualized with enzymatic substrates that produce contrasting fluorescent precipitates (Barthel and Raymond, 2000; Jowett, 2001) . The Fast Red AP substrate is bright red in visible light, and it also fluoresces red with a rhodamine filter set. The TSA Biotin System uses HRP to catalyze the deposition of biotin-labeled tyramide, which is recognized by a streptavidin-fluorophore conjugate, such as fluorescein isothiocyanate (FITC). We performed control experiments to verify that the different detection methods have comparable sensitivity.
residual clusters of proliferating progenitors sequestered in association with Müller glia in the inner nuclear layer. These rapidly dividing progenitors migrate into the outer nuclear layer, where they undergo a few additional mitotic divisions as rod precursors before differentiating (Raymond, 1985b; Hoke and Fernald, 1998; Julian et al., 1998; Otteson and Hitchcock, 2003) .
As a consequence, the progression of rod opsin expression does not follow the fan gradient, but instead differentiating rods accumulate in a disorderly pattern across the embryonic retina Schmitt and Dowling, 1996) . Rods do not to play a role in organizing the cone mosaic (Wan and Stenkamp, 2000) , and they are not considered further in this discussion.
The regular spacing of the cone mosaic array is established when the earliest photoreceptors differentiate
At the onset of opsin expression, the cone spectral subtypes are already positioned in an organized array ( Fig. 3 A,B) . To quantify the spacing and regularity of the differentiating cones in the embryonic zebrafish retina, digital images of whole eyes processed for cone opsin expression visualized with fluorescent detection were captured with a laser scanning confocal microscope and analyzed with NIH Image software (Scion Image, Frederick, MD). The Scion Image program identifies the x and y coordinate values of the geometric center of each cone profile inside the area selected for analysis (box in Fig. 4 ), and these data were then imported into a custom software program (Cameron and Carney, 2000) used to calculate nearest neighbor distances in µm and other computational indicators of pattern regularity.
The nearest neighbor distance (NND) values plotted in Fig. 5 represent the means ± 1 S.D. (n = 32 to 85 cones per eye, 2 or 3 eyes per bar, 21 eyes total). The frequency histograms of the NND values were computed and tested for deviation from a Gaussian distribution with the Kolmogorov-Smirnov method, and all distributions represented by the data plotted in Fig. 5 passed the normality test. Statistical analysis with ANOVA, and Tukey's Multiple Comparison Tests, indicated that for embryonic cones, NND red < NND green < NND blue , and NND UV < NND blue (p<0.001 for all pairwise comparisons), but NND UV is not significantly different from NND red or NND green. For the adult cones, NND red < NND green < NND blue < NND UV (p<0.001 for all pairwise comparisons). The increased values of NND in the adult eye (Fig. 5 ) are due to both the increased size of individual cones with continued growth of the eye (Branchek and BreMiller, 1984; Raymond, 1985a) and the ongoing insertion of rod photoreceptors into the interstices of the cone mosaic through continued mitotic activity of rod precursors across the retina (Raymond, 1985b) .
These data indicate that the cones of a given subtype are regularly spaced at the onset of opsin expression, which indicates they have selected a specific spectral fate. The mosaic array does not scale linearly with growth of the eye, however, since NND UV shows a larger change relative to the other cone types: UV cones are as closely spaced as red and green cones in the embryonic mosaic, and blue cones are the most widely spaced, but in the adult retina, UV cones are further apart from each other than all cone types, including blue cones. How these adjustments to the mosaic pattern are accomplished, and what the significance of these changes might be, is not yet understood. 1996) established that the first rod and cone photoreceptors in zebrafish embryos differentiate (as reflected by opsin expression) at about 2 days after fertilization, in a small, discrete patch in ventral retina (Fig. 3 A,B) , which gradually expands, spreading across the retina along the fan gradient (Fig. 3C) . With the exception of the initial cohort of photoreceptors in the ventral patch, where rods and cones are produced simultaneously, the remainder of the presumptive photoreceptors generated by the third traveling wave of terminal mitoses in the outer nuclear layer differentiate as cones, with opsin expression following the fan gradient established earlier by the inner layers . Significantly, the different spectral subtypes of cone photoreceptors are recruited, i.e., select a specific spectral fate, sequentially: red cone opsin is expressed first, followed shortly by green and later ultraviolet and blue opsins (Stenkamp et al., 1997) .
With the possible exception of the precocious rod photoreceptors in the ventral patch, rod photoreceptors in zebrafish and other teleost fish are generated in a separate lineage that arises from TABLE 1
PHYLOGENY OF VISUAL PIGMENT GENES
This dendrogram represents the evolutionary relationships of the visual pigment genes in vertebrates and invertebrates (adapted from (Pichaud et al., 1999; Yokoyama, 2000; Ebrey and Koutalos, 2001) ). The major subgroups of cone opsin genes in vertebrates include LWS/MWS (Long/Medium-Wavelength-Sensitive), SWS1 and SWS2 (Short-Wavelength-Sensitive) and RH2 (Rhodopsin-like). In humans, the ancestral LWS/MWS gene on the X-chromosome underwent tandem duplication events with subsequent divergence to produce visual pigments with different spectral absorption maxima (Merbs and Nathans, 1992; Neitz and Neitz, 1995) . The visual pigment in rod photoreceptors is Rhodopsin, or RH1. The medium-wavelength-sensitive (green) opsin of nonmammalian vertebrates (RH2) is closely related to rhodopsin, and the RH clade is the most highly diverged from the ancestral vertebrate pigment gene. The invertebrate visual pigments are represented by rhodopsins rh1 through rh6 in Drosophila.
The most commonly used measure of pattern regularity in a two-dimensional array is an index called the 'conformity ratio' (CR), which is the ratio of the mean NND to the standard deviation (Cook, 1996) . Jeremy Cook's 'Ready-reckoner' chart (Cook, 1996) provides empirically determined critical values of CR that define regular spacing. Values of CR that fall above the critical value imply significant non-randomness, in the direction of regularity (as opposed to clumping) at the specified criterion level. The CRs for all cone arrays in both embryonic and adult samples exceeded the critical values at the criterion level of p<0.0001, indicating that both the adult and the initial cone mosaic array in the embryonic retina are highly regular, as inspection of the images suggests (Fig. 4) .
Taken together, these data suggest that presumptive cone photoreceptors in zebrafish chose a unique cell fate with respect to cone spectral subtype, and that the choice of fate is dependent on a cell's relative position in the two-dimensional array of cone photoreceptors. The expression of a specific cone opsin gene is the only marker of spectral subtype currently available, aside from morphological differences ( Fig. 1 ) that only develop with further maturation of the cone photoreceptors. However, the expression of opsin and other proteins of the transduction cascade are a relatively late event in the differentiation of photoreceptors in fish (Stenkamp et al., 1996) as in other vertebrates (Hauswirth et al., 1992; Bumsted et al., 1997; Sears et al., 2000) , so it is possible that commitment to a specific spectral cell subtype occurs at an even earlier stage. The molecular mechanisms that control cell-fate choice among cone spectral subtypes in the zebrafish retina and the source of the patterning information are unknown. Finally, it is worth noting that we have never seen evidence of co-expression of multiple opsins in one cell, as has been reported in salamanders (Ma et al., 2001 ) and some mammals (Rohlich et al., 1994; Applebury et al., 2000; Lukats et al., 2002) , although the relatively low sensitivity of the in situ hybridization technique would likely not have allowed us to detect very low levels of expression in the developing zebrafish cones.
Theoretical and experimental models which explain formation of other retinal mosaics cannot generate the cone mosaic pattern
The fundamental cytoarchitecture of neuronal circuitry in the brain is built on reiterative, modular units, which in the retina takes the form of radial units that mediate serial visual processing across retinal laminae (photoreceptor to bipolar cell to ganglion cell), and intralaminar parallel processing circuits mediated by lateral connectivity (horizontal and amacrine cells) (Cook and Chalupa, 2000; Masland and Raviola, 2000; Galli-Resta, 2001 ). Since the 19 th century, it has been known that retinal neurons of the same type are distributed across the retinal surface in non-random, regularly spaced arrays, called mosaics. This periodicity in spacing 3 . Development of the cone mosaic pattern. Laser scanning confocal images (3D projections) from whole eyes of zebrafish embryos, processed for in situ hybridization with red and green opsin RNA probes to visualize individual cone photoreceptors. After processing, whole eyes are isolated from the embryonic heads and visualized using a Zeiss 510 laser scanning confocal microscope, by collecting a set of optical sections through the entire thickness of the eye (~100 µm). Computer reconstructions of three-dimensional and projection images were then generated from various angles of view. (A) The earliest photoreceptors appear at ~2 days postfertilization (dpf) in the outer nuclear layer of the ventral-nasal retina adjacent to the optic stalk, and the first cone opsin is red (TSA method, FITC green fluorophore). The lens is visible in the center, and the inset shows the individual red cones at higher magnification, in orthogonal views. Note the regularly spaced rows of red cones in the rotated (planar) view. (B) Double in situ hybridization with red opsin (Fast Red) and green opsin (TSA-FITC) probes, showing (at high magnification) the ventral patch of initial cones, adjacent to the future optic disc. (C) By ~3 dpf, the front of the wave of differentiating photoreceptors has nearly reached the dorsal-temporal edge of the retina at the upper left corner, with red cones at the leading edge, trailed by green cones. , 1999) , but is subject to refinement by lateral (tangential) migration of cells whose desired position is subject to a 'minimal exclusion rule', in which no two cells of the same type are ever closer than a minimum distance (Wässle and Riemann, 1978; Cook and Chalupa, 2000; Galli-Resta, 2001 ). Modeling studies show that short-range, dynamic, physical interactions that minimize overlap between homotypic neurons are sufficient to produce a regular mosaic array that uniformly 'tiles' the retina Reese and Galli-Resta, 2002) . Misplaced neurons can also be eliminated by selective cell death (Cook and Chalupa, 2000) . A local exclusion rule based on interactions among homotypic neurons predicts that the mosaic arrays of different classes of retinal neurons should be uncorrelated, and this is indeed the case, including classes of neurons known to be synaptically coupled (Rockhill et al., 2000) . However, the cone photoreceptor mosaic in teleost fish retinas is a clear exception, in that each spectral subtype is precisely positioned in relationship to cones of a different subtype (Fig. 2) . Therefore, the simple minimal exclusion rule cannot account for the patterning of the cone photoreceptor mosaic in teleost fish. Theoretical mathematical models have been developed that reproduce the organization of the cone mosaic in zebrafish, and they all invoke specific cell-cell interactions among spectral cone subtypes. One of the earliest modeling attempts relied on a starting condition consisting of a two-dimensional, square lattice of undifferentiated cells, with a stochastic cell-differentiation rule to create the initial (random) 'prepattern' (Tohya et al., 1999) . The prepattern is subsequently refined by transitions in cone type (i.e., changes in spectral identity) and cell orientation that are stabilized according to the strength of 'cell affinities' with neighboring cones. While this 'fate transition' model faithfully creates the cone mosaic array, the assumption that phenotypic transitions (i.e., changes in spectral identity) occur does not fit the observations described above.
A more recently published theoretical model (Mochizuki, 2002 ) also starts from an initially random, two-dimensional array of three cone subtypes but in this case the spectral subtypes are constrained to the correct ratio (twice as many red/green double cones as blue or UV). Cell rearrangements (exchanges of position on the lattice) and rotations occur randomly, and transitions are more rapid if total cell-cell adhesion between neighbors is increased. Interestingly, the number of iterations required to reach the correct (stable) pattern is reduced when the process is allowed to proceed in a linear wave across the array, which in fact mimics the biological situation (Fig. 3C) . The parameters of the 'cell rearrangement' model that reproduced the correct mosaic pattern required that the adhesive strengths between blue-UV, blue-red, UV-green and redgreen be larger than the remaining six contact pairs, reflecting the nearest neighbor relationship in the array (Fig. 2) .
Observations of the developing cone mosaic array in zebrafish embryos show that when spectral cone subtypes can first be recognized by expression of opsin, they are not randomly positioned but already in a regular array (Fig. 5) . Thus, lateral migration/cell sorting driven by differential adhesive interactions are not likely to generate the mosaic pattern, unless cone spectral fate is determined prior to opsin expression. As noted above, no other specific markers of differentiation that distinguish among the cone spectral subtypes have yet been described, and until such markers are identified, this possibility cannot be tested.
An alternative mechanism for patterning the cone mosaic is that specific cell-cell signaling interactions among the differentiating cone photoreceptors dictate the choice of cone cell fate. In this case, the relative strengths of adhesive interactions predicted by the mathematical model described above may suggest which specific cell-cell signaling interactions might be most important in fate determination and patterning of zebrafish cone photoreceptors. A model describing this potential mechanism is presented next.
Photoreceptor cell fate determination in the compound eye of Drosophila may provide clues to molecular mechanisms that could explain the teleost cone mosaic pattern Some features of organization and development of cone photoreceptor patterning in the zebrafish retina resemble that of the compound eye of the fruit fly, Drosophila melanogaster (Raymond, 1995; Pichaud et al., 2001) . The eye of the adult fly is an exquisitely organized array composed of ~800 individual ommatidia, or 'facet eyes', each containing 8 uniquely identified photoreceptor cells assembled into highly stereotyped, geometrically precise, reiterative units with internal, mirror-image symmetry (Ready et al., 1976; Tomlinson and Ready, 1987; Rubin, 1989; Banerjee and Zipursky, 1990) . The ommatidia are assembled with a crystalline precision from an undifferentiated monolayer epithelium, and the assembly proceeds along a linear, moving front called the 'morphogenetic furrow' (Fig. 6A) . The furrow sweeps across the eye primordium patterning the retina from posterior to anterior, and its movement is driven by the coordinated expression of positive and negative, short-and long-range factors that regulate the orderly progression of differentiation and the sequential assembly of the ommatidial units (Kumar and Moses, 1997; Brennan and Moses, 2000; Frankfort and Mardon, 2002) . Remarkably, one of these factors is Hedgehog, which also has been implicated in driving the progression of the wave of differentiation in the vertebrate retina (discussed above).
The R8 photoreceptor is the 'founder', i.e., the first cell specified in the ommatidial unit, and it is required for recruitment of the seven other photoreceptors and the accessory cells (Ready et al., 1976; Tomlinson and Ready, 1987; Rubin, 1989; Banerjee and Zipursky, 1990) (Fig. 6A) . The specification and precise spacing of the R8 photoreceptors sets up the template for the ommatidial array, and commitment of the R8 photoreceptors requires the sequential positive (proneural enhancement) and negative (lateral inhibition) activities of the Notch signaling pathway (Brennan and Moses, 2000; Frankfort and Mardon, 2002) . R8 subsequently recruits the other photoreceptors to the nascent ommatidial cluster pairwise in a specified order (R2/R5, R3/R4, R1/R6) by a process that involves reiterative signaling through the epidermal growth factor receptor (EgfR) (Fig. 6A) . Although the R1 to R6 outer photoreceptors in the fly eye all express the same visual pigment gene (rh1, Table 1), they have distinct identifies and can be distinguished from one another by their position in the ommatidial cluster and by the expression of specific transcription factors (Brennan and Moses, 2000; Frankfort and Mardon, 2002) . The final step in assembly of each 8-photoreceptor unit is mediated through another tyrosine kinase receptor, Sevenless, and its membrane-bound ligand (Brideof-Sevenless, Boss), which is uniquely expressed on R8. Through this direct, cell-cell interaction R8 specifies its functional and anatomical partner, the last photoreceptor generated, R7 (Fig. 6A) .
The R8 and R7 pair of inner photoreceptors express visual pigment genes that differ both from each other and from the R1-R6 photoreceptors, and the choice of which rh genes are expressed by the R7/R8 pair in a given ommatidium depends on a direct cell-cell interaction between them (Cook and Desplan, 2001 ).
In Drosophila, the successive recruitment of photoreceptors to the ommatidial units and the establishment of their identities begins just after each generation of precursor cells withdraws from the mitotic cycle and while they are aligned in a linear array at the posterior edge of the morphogenetic furrow (Fig. 6A) . Similarly, the cone mosaic array in the fish retina is constructed by step-wise accretion of linear, modular units (Raymond, 1995) . The rows of double and single cones shown in Fig. 2 are aligned orthogonal to the peripheral retinal margin (Lyall, 1957) , and radiate outward like spokes on a wheel from the optic disc, with new spokes arising de novo as the circumference of the retinal sphere increases (Nishiwaki et al., 1997) . After the early waves of cell differentiation have established the embryonic retina, neurogenesis continues in the circumferential germinal zone at the peripheral edge (also called the ciliary margin (Perron et al., 1998) ). The continued growth at the margin recapitulates the embryonic sequence of retinal neurogenesis (Müller, 1952; Raymond, 1995) , and each new The morphogenetic furrow is an indentation in the apical surface that sweeps across the monolayer retinal epithelium from posterior to anterior, in the direction indicated by the small black arrow. Posterior is down, anterior is up, and rows of cells at increasing distance from the furrow represent successive stages in development. A wave of mitotic divisions (black starbursts) just anterior to the furrow generates precursor cells, which organize into 5-cell preclusters that are spaced periodically. Each precluster represents a single developing ommatidium; the middle cell in each precluster differentiates first and becomes the R8 photoreceptor. The remaining cells in the precluster are recruited pairwise and sequentially, first the R2/R5 and then the R3/R4 photoreceptors. The red arrows indicate signals generated by the differentiating photoreceptors that are required to recruit the subsequent pairs (see text). After a second round of mitotic division (grey starbursts), the R1/R6 pair joins the cluster. The final inductive event (yellow arrows) is the signal from R8 that specifies R7 through activation of the Sevenless tyrosine kinase receptor. The ommatidia then become asymmetric and rotate in the plane of the epithelium (indicated by the stippled arrow) under the influence of planar polarity signaling (Mlodzik, 1999) . Ommatidia in the dorsal and ventral retina rotate in opposite directions to produce two chiral forms; the figure illustrates ommatidia in ventral retina, with the equator toward the left. (B) Model of cone photoreceptor determination in teleost fish. Mitotic divisions (black starbursts) of retinal progenitors in the germinal zone at the ciliary margin generate a linear cohort of presumptive cones. Successive stages of differentiation are represented by distance from the germinal zone. Red cones are the first to express opsin, and they establish the spacing of the mosaic array. The black arrows with red outline indicate putative signals generated by the red cones that influence the cell fate choice of the adjacent, undifferentiated cells in the cohort. Note that the presumptive cones onto which two black arrows impinge are fated to become blue cones (grey stippling) but do not yet differentiate, whereas those with a single black arrow differentiate next and express green opsin. The green cones now generate signals (brown arrows with green outline) that impinge on the intervening presumptive cones, which become UV cones. Finally, the presumptive cones interposed between the red cones express blue opsin.
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cohort of presumptive cones is born along a circular, two-dimensional front (Fig. 6B ) quite analogous to the morphogenetic furrow (Fig.  6A) . In both the embryonic retina (Fig. 3) and during continued growth of the retina postembryonically by the addition of new retina generated from proliferating progenitors at the ciliary margin (Fig.  6B) , cones differentiate sequentially along a moving front of differentiation according to their spectral subtype: first red cones, then green, then UV and blue Stenkamp et al., 1997) . Thus, the construction of the mosaic array in the teleost retina is consistent with the hypothesis that lateral interactions (signals) from the 'founder' red cones might influence the cell fate of adjacent, uncommitted presumptive cones (Fig. 6B) , similar to the fly eye in which signals emanating from differentiating photoreceptors, in conjunction with time-dependent intrinsic changes in the status of the progenitors, are responsible for organizing and determining the fate of photoreceptors (Fig. 6A) . The neural retina in adult fish can regenerate neurons, including cone photoreceptors (Raymond and Hitchcock, 2000; Wu et al., 2001; Otteson and Hitchcock, 2003) . Although retinal neurons are replaced, including all spectral cone subtypes, the precise geometric organization of the cone mosaic array is not restored in the regenerated retina (Braisted et al., 1994; Cameron and Carney, 2000; Stenkamp and Cameron, 2002) . The spatiotemporal sequence of proliferation and cell differentiation in the regenerating retina does not recapitulate the coordinated planar gradient of photoreceptor neurogenesis seen in the embryonic and postembryonic retina. This observation provides strong support for the hypothesis that the precise spatiotemporal coordination of the production and differentiation of cone progenitors along a moving curvilinear front as seen in normal growth and development (Figs. 3 and 6B) is critical to the processes that create the cone mosaic array. In summary, a number of features of the ommatidial assembly process in the compound eye of Drosophila are strikingly similar to the formation of the cone mosaic array in zebrafish including: a focal site of initiation adjacent to the optic stalk; progression of a wave of differentiation across the undifferentiated epithelium that is dependent on Hedgehog signaling; establishment of the spacing of the mosaic array by the first subtype of photoreceptor to differentiate; and sequential, reiterative recruitment of the other photoreceptor subtypes. The molecular mechanisms that pattern the cone mosaic array in teleost fish are unknown. The model illustrated in Fig. 6B suggests that cell-cell signals from differentiating cones of a given spectral subtype influence the fate of yet undifferentiated progenitors. Extrinsic signals might also originate from outside the planar sheet of cone progenitors, for example, from the adjoining inner retinal layers, which are already well differentiated at the onset of cone opsin expression. However, as noted above, spatial organization in the inner layers is limited to uncorrelated, homotypic mosaic arrays of neuronal subtypes, which do not contain the planar spatial information related to cone spectral subtype encoded in the cone mosaic. The power of forward genetic approaches developed in zebrafish provides the best opportunity to discover genes involved in the determination of cone cell fate and mosaic organization (van Eeden et al., 1999; Malicki, 2000) . A mutagenesis screen currently underway in our laboratory has identified several mutations that specifically disrupt cone patterning without disrupting cell fate determination in other retinal layers (P.A. Raymond, et al., unpublished observations) , suggesting that the molecular mechanisms responsible for determination of cone spectral identify likely reside within the photoreceptor layer, as predicted by the model in Fig. 6B .
Discovering the molecular mechanisms that pattern the cone mosaic array in the zebrafish retina may contribute to understanding human visual function Some (but not all) features of the planar organization and differentiation of cone photoreceptors as described above for the teleost retina are also found in humans. For example, in primate and human retinas, the S-cones (Short-wavelength-sensitivecones, or blue cones) are organized into a regular mosaic array (Wikler et al., 1990; Wikler et al., 1997; Roorda and Williams, 1999; Kimble and Williams, 2000) . In developing chick, monkey, and human retinas, the spectral subtypes of cone photoreceptors are recruited sequentially in a wave of retinal differentiation that starts centrally and spreads peripherally. Whereas the order of onset of cone opsin expression in chick retinas (Bruhn and Cepko, 1996; Cepko, 1996) is the same as in goldfish and zebrafish Schmitt and Dowling, 1996; Stenkamp et al., 1997) , mammals differ in the relative order of differentiation of spectral cone subtypes: S-cone (Short-wavelength-sensitive) opsin mRNA and protein both appear significantly earlier in the fetal primate retina than L-cone and M-cone (Long-and Mediumwavelength-sensitive, respectively) opsin mRNA or protein (Bumsted et al., 1997; Xiao and Hendrickson, 2000) . The mammalian S-cone opsin is in the SWS1 family of visual pigment genes, as is the teleost UV cone opsin, and the mammalian M-cone opsin gene is in the LWS/MWS family, which is in the same gene family as the red cone opsin of teleosts, amphibians, birds and reptiles (Table 1) . During the evolution of mammals, the orthologs of the green (RH2) and blue (SWS2) cone opsin genes found in other vertebrates were lost (Yokoyama, 2000) .
S-cone opsin expression also appears before M-cone opsin in the developing mouse retina (Szel et al., 1993) , and it has been postulated that in developing mammalian retinas, successive waves of local inducing factors might first determine S-cones, and then later L/M cones (Xiao and Hendrickson, 2000) . This hypothesis is supported by the observation that differentiating cones in developing mouse and primate retinas express both S-cone opsin and L/M-cone opsin in the transition zone, at the leading edge of the front of L/M-cone opsin as it moves into a region of pre-existing Scone opsin expression, suggesting that some developing cones may switch their spectral subtype (Rohlich et al., 1994; Xiao and Hendrickson, 2000) . Co-expression of SWS1 (UV opsin/S-cone opsin) with other opsins has also been demonstrated in differentiated cone photoreceptors in other species, such as salamanders (Makino and Dodd, 1996) and other mammals including mice (Applebury et al., 2000) , but whether this reflects a specific cell fate choice or 'leakiness' in transcriptional regulation of opsin gene expression is unclear. Instability in the expression of specific opsin genes in differentiating photoreceptors has also been observed in the developing chick retina, but in that case, the red cone opsin (LWS/MWS family) is the initial or preferred choice (Adler et al., 2001) . In contrast, in the zebrafish, the choice of a specific cone spectral subtype is a unique and apparently permanent determination event.
In humans, as in teleost fish, there is clear anatomical, electrophysiological and behavioral evidence of unique spectral cone subtypes (S and L/M) with distinct cytology and synaptic connectivity that mediate the distal mechanisms of color vision (Alpern, 1968; Wheeler, 1982; Ahnelt et al., 1990) . Genetic evidence also supports the notion of unique cone subtypes in humans: an inherited retinal disorder called enhanced S-cone syndrome (ESCS) leads to overproduction of S-cones at the expense of other photoreceptor subtypes, and patients suffer visual loss and night blindness, with increased sensitivity to shortwavelength lights (Milam et al., 2002) . Mutations in the gene encoding a transcription factor in the orphan nuclear receptor family, NR2E3 (also called photoreceptor-specific nuclear receptor, PNR), have recently been identified as causal for ESCS (Kobayashi et al., 1999; Haider et al., 2000) . Nr2e3/PNR is unique in that its expression is highly restricted to the neural retina, where it localizes exclusively to the outer nuclear layer (Kobayashi et al., 1999) , similar to the cone-rod homeobox transcription factor, Crx (Chen et al., 1997; Furukawa et al., 1997) . A spontaneous mouse retinal degeneration mutation (rd7 ) results from a frame-shift deletion in Nr2e3, which like the human disease, leads to excess photoreceptors that express high levels of S-cone opsin, retinal folding and rosettes in the outer nuclear layer, especially the ventral retina, and late-onset photoreceptor degeneration (Haider et al., 2001) . These data implicate Nr2e3 in the positive regulation of L/M-cone opsin, and suggest that in the absence of Nr2e3 function the 'default' state is expression of S-cone opsin.
Another transcription factor implicated in photoreceptor cell fate determination is the nuclear protein Nrl (neural retina leucine zipper), a member of the Maf subfamily of basic zipper (bZIP) transcription factors (Swaroop et al., 1992) . Nrl regulates the expression of several rod-specific genes, including rhodopsin and cGMP phosphodiesterase β-subunit, in synergy with other transcription factors, such as Crx (Rehemtulla et al., 1996; Mitton et al., 2000) . Nrl expression in mice is restricted to rod photoreceptors, and perhaps the pineal gland, and it is required for rod photoreceptor differentiation. Targeted deletion of Nrl in mice results in the loss of rod function and supernormal S-cone function, apparently resulting from the partial transformation of presumptive rod photoreceptors into S-cones (Mears et al., 2001) .
Missense mutations in the human NRL gene are associated with autosomal dominant retinitis pigmentosa (Bessant et al., 1999) . Expression of Nr2e3 is absent in Nrl -/-mice, suggesting that Nrl is upstream of Nr2e3 in the transcriptional hierarchy, and supporting the idea that the function of Nrl may be to promote rod photoreceptor differentiation and inhibit S-cone differentiation by activation of Nr2e3.
In vitro studies have also implicated thyroid hormone in the determination and differentiation of cone photoreceptors in dissociated rat retinal cell cultures (Kelley et al., 1995) . Recently it was shown that the thyroid hormone receptor β2 (Trβ2) (a nuclear receptor/ligand-dependent transcription factor) is required for the development of M-cones (Ng et al., 2001) . The expression of the Trβ2 isoform is restricted to the outer nuclear layer of the retina, the pituitary gland and the inner ear in mice and chick, and levels of expression in the retina peak during late embryonic development, while cones are differentiating. Targeted deletion of the Thrb gene in mice results in premature expression of Scone opsin, selective loss of M-cones and a concomitant increase in functional S-cones, as demonstrated by enhanced sensitivity to short-wavelengths in electroretinogram recordings (Ng et al., 2001) . Unlike the Nrl -/-mice, rod function was normal in Thrb -/-mice. Interestingly, in salmonids (e.g. rainbow trout), thyroxine also regulates the development of UV cones (Browman and Hawryshyn, 1994; Allison et al., 2003; Hawryshyn et al., 2003) , which like mammalian S-cones express an SWS1 opsin gene.
In summary, these studies suggest that specific transcription factors as well as extrinsic signals are implicated in vertebrate photoreceptor cell fate choice, i.e., to be a cone or a rod and, if a cone, which spectral subtype. The exquisite regularity of the cone mosaic array in teleost fish and the proven utility of zebrafish genetics for discovering genes important in developmental processes suggest that analysis of pattern formation in the cone mosaic of zebrafish embryos will provide a powerful model for uncovering these mechanisms.
